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Abstract
Background: Transcription factors CREB, C/EBPb and Jun regulate genes involved in keratinocyte proliferation and
differentiation. We questioned if specific combinations of CREB, C/EBPb and c-Jun bound to promoters correlate with RNA
polymerase II binding, mRNA transcript levels and methylation of promoters in proliferating and differentiating
keratinocytes.
Results: Induction of mRNA and RNA polymerase II by differentiation is highest when promoters are bound by C/EBP b
alone, C/EBPb together with c-Jun, or by CREB, C/EBPb and c-Jun, although in this case CREB binds with low affinity. In
contrast, RNA polymerase II binding and mRNA levels change the least upon differentiation when promoters are bound by
CREB either alone or in combination with C/EBPb or c-Jun. Notably, promoters bound by CREB have relatively high levels of
RNA polymerase II binding irrespective of differentiation. Inhibition of C/EBPb or c-Jun preferentially represses mRNA when
gene promoters are bound by corresponding transcription factors and not CREB. Methylated promoters have relatively low
CREB binding and, accordingly, those which are bound by C/EBPb are induced by differentiation irrespective of CREB.
Composite ‘‘Half and Half’’ consensus motifs and co localizing consensus DNA binding motifs are overrepresented in
promoters bound by the combination of corresponding transcription factors.
Conclusion: Correlational and functional data describes combinatorial mechanisms regulating the activation of promoters.
Colocalization of C/EBPb and c-Jun on promoters without strong CREB binding determines high probability of activation
upon keratinocyte differentiation.
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Introduction
During differentiation, keratinocytes exit the cell cycle and start
producing differentiation-specific proteins used in the formation of
the outer skin layer. Both the c-Jun/AP-1 family of transcription
factors [1], [2], [3], [4] and C/EBPs [5], [6], [7] play a pivotal role
in the regulation of keratinocyte differentiation. Keratinocytes
proliferation and oncogenic transformation is also dependent upon
C/EBP’s [8–10] and c-Jun/AP-1 [11–17]. C/EBPb, in particular,
is known to be a positive regulator of keratinocyte proliferation
[18], [8], [9]. C/EBPb is activated by Ras and C/EBPb-
nullizygous mice are completely refractory to skin tumor
development [9]. One of the mechanisms of C/EBPb mediated
resistance to skin carcinogenesis is repression of p53 [10], [18]. In
contrast, C/EBPa is targeted by p53 [19], and blocks Ras-induced
and epidermal growth factor-induced E2F activity in keratinocytes
as well as Ras-induced cell transformation and cell cycle
progression [20]. Both C/EBPa and C/EBPb regulate genes
involved in keratinocyte differentiation, including involucrin [7],
keratin 1 and keratin 10 [6], [21], and desmocolin [22]. Mice
lacking both of these proteins in the epidermis show increased
proliferation of basal keratinocytes and impaired commitment to
differentiation [6]. c-Jun/AP-1 deficiency augments keratinocyte
resistance to carcinogenesis by mechanisms associated with the
repression of AP-1 targets that promote proliferation such as
Cyclin D1 [15,16], [23] and EGFR [24].
The mechanism that allows for the selective regulation of genes
involved in diverse cell functions such as proliferation and
differentiation using the same transcription factors is still unknown.
Differential expression of AP-1 family members c-Jun/JunB,
Fra2/cFos and C/EBPs family members C/EBPa and C/EBPb
contribute to the modulation of gene activities upon differentiation
PLOS ONE | www.plosone.org 1 November 2013 | Volume 8 | Issue 11 | e78179[11,22], [13,25]. Since the DNA binding domains of these
transcription factors within their families are identical [26],
exchanges of the transcription factor bound to DNA will occur
at the regulatory elements of genes that are (or are not) activated
by differentiation. One possible explanation for selective activation
of promoters by transcription factors is the binding of heterodi-
mers of AP-1 and/or C/EBPb to composite elements [27–30]. In
this case, the c-Jun-C/EBPb heterodimer represses transcription
[31], while promoters bound by C/EBPb alone can be activated
[32].
CREB is another transcription factor important for keratinocyte
proliferation [2], [33], [34], [23]. In different cell types CREB is
bound to promoters of nearly the same set of genes responsible for
cell survival and cell cycle progression [35]. Inhibition of CREB
leads to the repression of skin tumor initiation in mice and
repression of cell cycle progression [33]. The role of CREB in
keratinocyte differentiation is not well studied, although it has been
shown that inhibition of CREB by A-CREB dominant negative
represses both CREB and AP-1 reporter activities [34]. While
some studies reported that CREB protein level is induced by
keratinocytes differentiation [34], other show that it is repressed
[2].
Gene activation and repression mediated by the binding of a
transcription factor can also be driven by cooperative interactions
with other sequence specific transcription factors [36–42]. For
example, CREB, C/EBPs and/or AP-1 cooperatively regulate the
promoter activity of prointerleukin-1 beta [29], loricrine [2], cFos
[43], CyclinD1 [23], and StAR [44].
Our previous work has demonstrated that DNA methylation is
important for activation of some tissue specific genes involved in
keratinocyte differentiation [45]. Notably, although methylation
inhibits CREB binding to its consensus binding site, C/EBPb and
c-Jun can bind the methylated CREB binding site. Also,
methylation of the consensus C/EBP DNA binding site increases
its affinity to C/EBP [45]. Thus, the DNA methylation status of
promoters may play a role in differential recruitment of CREB, c-
Jun and C/EBPb.
We hypothesized that CREB, c-Jun and C/EBPb are function-
ing differently when they bind to promoters in different
combinations. Because CREB is important for cell survival, we
hypothesized that C/EBPb and c-Jun regulate genes involved in
cell survival and proliferation if they co-localize with CREB and
regulate genes involved in differentiation when they do not. We
test this hypothesis by analyzing how genome-wide promoter
binding of transcription factors CREB, C/EBPb and c-Jun in
different combinations correlate with either the activation or
repression of promoters and their target genes upon keratinocyte
differentiation.
Results
Upon Keratinocyte Differentiation RNAP is Preferentially
Recruited to Promoters bound by a Combination of C/
EBPb and cJun
In order to determine factors correlating with activation of
promoters as measured by RNA polymerase II (RNAP) binding,
we determined localization of three transcription factors – CREB,
C/EBPb and c-Jun, as well as RNAP, in proliferating and
differentiated keratinocytes using chromatin immunoprecipitation
followed by microarray hybridization. Despite close to 100%
immunoprecipitation efficiency, c-Jun had lower DNA binding
levels than the other proteins (Figure S1).
Upon keratinocyte differentiation, RNAP binding increased at
797 promoters and decreased at 841 promoters (Figure 1A). Out
of 17928 genes for which we have both promoter binding data and
mRNA expression levels, we observed that 1326 (7.4%) have
increased mRNA levels and 1458 (8.1%) genes are repressed upon
keratinocyte differentiation. This increase correlates with induc-
tion of RNAP binding (Figure 1A). In contrast, after keratinocyte
differentiation the binding of CREB, C/EBPb and c-Jun does not
change dramatically (Figure S1A). The highest increase of binding
was observed for, C/EBPb (Figure S1 A, B). Scatterplots of
changes in RNAP binding versus changes in transcription factor
binding upon differentiation show that induction of RNAP upon
differentiation is overrepresented among promoters with induction
of C/EBPb binding (Figure S1B). We did not observe this for c-
Jun or CREB. Induction of RNAP is also preferentially observed
in promoters bound by C/EBPb and c-Jun, while promoters
bound by CREB are predominantly repressed upon differentiation
(Figure S1C). Thus, changes of RNAP binding upon differentia-
tion are not determined only by binding of CREB, C/EBPb or c-
Jun to promoters.
We next analyzed if promoters bound by different combinations
of transcription factors are preferentially repressed or induced
upon differentiation. CREB, C/EBPb and cJun bind distinct set of
promoters in differentiated keratinocytes (Figure 1B). Among
those, promoters bound by C/EBPb and c-Jun are overrepre-
sented in those which also have induction of RNAP binding upon
differentiation (Figure 1B). Figure 1C shows the fraction of
promoters bound by different combination of transcription factors
in differentiated keratinocytes where RNAP binding or mRNA
levels are repressed (white bars) or induced by differentiation
(black bars). Induction of RNAP binding and mRNA by
differentiation is the lowest for promoters bound by CREB alone
or in combination with c-Jun or C/EBPb, and the highest for C/
EBPb alone, C/EBPb, cJun and CREB, C/EBPb, c-Jun bound
promoters. In particular, 20% of promoters bound by C/EBPb
and cJun are induced upon differentiation, five times more than
expected by chance (Figure 1C).
We found the same absolute values of RNAP induction between
groups (Figure S2A); however, induction of mRNA upon
differentiation is highest when promoters are bound by c-Jun or
C/EBPb and lowest for genes with CREB-bound promoters
(Figure S2 B).
Transcription factors are known to recruit histone acetyltrans-
ferases that change chromatin accessibility and transcriptional
activation. Therefore, we next investigated whether H3K9
acetylation preferentially altered upon differentiation for promot-
ers bound by specific combinations of transcription factors. As
expected, H3K9 acetylation correlates with RNAP binding in
differentiated (Figure S3A) and undifferentiated keratinocytes.
Although, relatively wide range of RNAP binding for given H3K9
acetylation level suggests that RNAP binding is also regulated by
other factors. Likewise, changes in RNAP binding upon differen-
tiation positively correlate with changes in H3K9 acetylation
(Figure S3B). We found 800 promoters with induced H3K9
acetylation and 186 that also have induced RNAP binding upon
differentiation. Similar to what we observed for RNAP binding,
H3K9 acetylation is preferentially induced on promoters bound by
C/EBPb and cJun and promoters bound by CREB, cJun and C/
EBPb (Figure S3C). Promoters bound by C/EBPb and CREB and
promoters bound by cJun and CREB have lower levels of H3K9
acetylation induction compared to promoters bound by C/EBPb
and c-Jun (Figure S3D).
Combinatorial Recruitment of CREB C/EBPb cJun
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Genes which Expression and Induction upon
Differentiation is Dependent on C/EBPb and c-Jun
Functions
C/EBPb binding to promoters is induced upon keratinocyte
differentiation and RNAP binding is preferentially induced to
promoters bound by C/EBPb and cJun. In order to determine
genes that are dependent upon C/EBPb or cJun function we
expressed dominant negatives A-C/EBP and A-Fos using a
tetracycline driven expression system [17], [10]. A-C/EBP and
A-Fos have been extensively used to study these proteins in a
variety of systems [10,17,34,36,38]. We find that A-C/EBP most
strongly represses genes whose promoters are bound by C/EBPb
and not CREB (Figure 2A). Likewise, A-Fos dominant negative
preferentially represses genes whose promoters are bound by c-Jun
alone or in combination with C/EBPb (Figure 2A). Because
differentiation preferentially induces the expression of genes whose
promoters are bound by C/EBPb and c-Jun, we tested if inhibition
of C/EBPb or cJun would preferentially repress them. We found
that A-C/EBP and A-Fos both repress 25% of promoters induced
in differentiation, over three times what would be expected by
chance, suggesting that differentiation is dependent on these
transcription factors. Similar to what is observed for all promoters,
A-Fos and A-C/EBP preferentially inhibit genes induced by
differentiation if their promoters are bound only by cJun or C/
EBPb (Figure 2B); however the number of induced genes whose
promoters are also bound by combinations of transcription factors
is relatively low, so many of the differences do not reach statistical
significance.
CREB Binding is Relatively Low for Promoters bound by
CREB, C/EBPb and cJun and Induced by Differentiation
Because CREB is rarely bound to promoters induced by
differentiation, we hypothesized that CREB binding affinity might
Figure 1. Upon keratinocyte differentiation RNAP binding and mRNA levels are preferentially induced when promoters are bound
by combinations of C/EBPb and cJun. A. Scatterplott of changes in RNAP binding after differentiation versus RNAP binding in undifferentiated
keratinocytes show 797 and 841 promoters are induced or repressed upon differentiation. These changes correlate with changes in mRNA levels. B.
Transcription factors CREB, C/EBPb and c-Jun bind distinct set of promoters in differentiated keratinocytes. Euler diagrams show that promoters
bound by C/EBPb and c-Jun are preferentially induced by differentiation and promoters bond by CREB are not. C. Fraction of promoters bound by
different combination of transcription factors in differentiated keratinocytes where RNAP binding is repressed (white bars) or induced by
differentiation (black bars). D. Fraction of genes with mRNA levels induced or repressed by differentiation more than 1.4 times in groups of
promoters bound by different combinations of transcription factors. * - values are different from expected (p,0.005 using a two-tailed unpaired t-
test).
doi:10.1371/journal.pone.0078179.g001
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induced by differentiation. Comparison of transcription factor
binding distributions in all promoters and promoters bound by
CREB, C/EBPb and cJun in differentiated keratinocytes revealed
lower levels of CREB binding in promoters bound by all three of
these transcription factors and induced by differentiation
(Figure 3A). We arbitrarily selected four genes based on different
combinatorial recruitment of transcription factors and induction of
RNAP binding upon differentiation and show the ChIP-chip
binding patterns for RNAP, CREB, C/EBPb and c-Jun across
their promoters (Figure S4). Claudin4, SPRP1A and DNAse1L3
with no or low CREB binding were induced by differentiation. In
contrast, Ribosomal protein 19 with high CREB binding was not.
We confirmed binding of transcription factors by Chip-PCR for
SPRP1A and DNAse1L3. CREB binding was low in comparison
with C/EBPb and cJun. (Figure 3B).
Colocalization of C/EBPb and cJun with CREB is
Associated with a High Probability of RNAP Binding in
Proliferating or Differentiated Keratinocytes
Colocalization of C/EBPb and cJun with CREB makes
promoters refractory to induction with calcium and to repression
by dominant negatives. CREB is known to bind nearly the same
set of promoters in different cells [35] suggesting that CREB is
involved in housekeeping functions of the cell. These promoters
frequently contain CpG islands and typically are highly active. We
hypothesized that when C/EBPb or c-Jun co-localize with CREB,
these promoters are strongly bound by RNAP and are not induced
by differentiation because other CG binding factors like CREB are
already activating them.
Indeed, scatter plots of transcription factors and RNAP DNA
binding (Figure 4A) showed that 93% of promoters bound by
CREB, 84% of promoters bound by C/EBPb and 78% of
promoters bound by c-Jun are also bound by RNAP in
differentiated keratinocytes (Figure 4A, Figure S5). Analysis of
RNAP binding in groups of promoters bound by different
combination of transcription factors showed that colocalization
of C/EBPb or c-Jun with CREB corresponds to a high probability
of RNAP recruitment (Figure 4 B). 44% of c-Jun only and 72% of
C/EBPb only bound promoters bind RNAP (Table S1). In
contrast, when C/EBPb or c-Jun colocalizes with CREB, about
90% of these promoters bind RNAP (Table S1). Similarly, in
undifferentiated keratinocytes colocalization with CREB deter-
mines high probability of RNAP recruitment (Figure S5, Table
S1). Likewise, when c-Jun colocalizes with C/EBPb, the distribu-
tion of RNAP binding is the same as is observed for promoters
bound by C/EBPb only (Figure 4B). For promoters induced by
differentiation we found higher RNAP binding for promoters
bound by CREB than bound by C/EBPb and/or c-Jun
(Figure 4C). Despite low CREB binding (Figure 3A), promoters
induced by differentiation and bound by CREB, C/EBPb and c-
Jun (Figure 3A) have higher RNAP binding than, promoters
induced by differentiation and bound by C/EBPb and c-Jun only
(Figure 4C).
Gene Promoters that are Methylated and bound by C/
EBPb are Preferentially Induced by Differentiation
It was shown that DNA methylation is important for activation
of some tissue specific genes involved in keratinocytes differenti-
ation [45]. C/EBPb and c-Jun can bind methylated CREB
binding site, although CREB can not [45]. Thus, the DNA
methylation status of the promoters may affect their activation
through the combinatorial recruitment of CREB, c-Jun and C/
EBPb. Indeed, C/EBPb and c-Jun preferentially bind methylated
promoters (Figure 5A). Fraction of methylated promoters was 54%
for c-Jun and C/EBPb and less than 14% for promoters where
CREB is bound (Table S1).
Similar to what is observed for all promoters, unmethylated
promoters containing C/EBPb and c-Jun are mostly induced by
differentiation while those that are also bound by CREB are not
(Figure 5B). The fraction of genes for which mRNA is induced by
differentiation is higher for methylated in comparison to
unmethylated promoters bound by C/EBPb. 30% of methylated
promoters compared to 10% for unmethylated that are bound by
both CREB and C/EBPb are induced by differentiation.
(Figures 5B, 5C right panels). Similar to what is observed for
promoters induced by differentiation and bound by CREB, c-Jun
and C/EBPb (Figure 3), methylated promoters have relatively low
CREB binding (Figure S6). To address functionality of DNA
methylation in gene activation upon differentiation, we treated
cells with DNA demethylation agent 5-azacytidine (5-AZA) and
measured mRNA levels in treated v.s. untreated cells in
differentiating keratinocytes. 5-AZA preferentially represses genes
whose promoters are bound by C/EBPb and/or c-Jun but not
CREB (Figure S7). Notably, among genes repressed by 5-AZA,
bound by C/EBPb and inhibited by A-C/EBP are markers of
keratinocyte differentiation desmocolline and small proline rich
protein like 9.
Consensus and Composite Motifs Containing Two Parts
of Consensus Motifs are Enriched in the Groups of
Promoters bound by Different Combinations of
Transcription Factors
The presence of specific DNA sequences which bind transcrip-
tion factors is the major mechanism of transcription factor
recruitment to the promoters. We hypothesized that specific
combinations of DNA binding motifs recruit corresponding
Figure 2. Colocalization of C/EBPb o rc - J u nw i t hC R E B
determine genes which expression and induction upon
differentiation is dependent on C/EBPb and c-Jun functions.
A. Fraction of genes repressed by A-C/EBP (left panel) or A-Fos (right
panel) in differentiated keratinocytes in groups of promoters bound by
different combinations of transcription factors. B. Fraction of genes
induced by differentiation and repressed by A-C/EBP (left panel) or A-
Fos (right panel) in differentiated keratinocytes in groups of genes
induced by differentiation which promoters are bound by different
combinations of transcription factors. * - numbers are different from
expected (p,0.05 using a two-tailed unpaired t-test).
doi:10.1371/journal.pone.0078179.g002
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combinations we calculated motifs overrepresented in sets of
promoters bound by transcription factors alone and in different
combinations. First, we used all promoters as a background and
report the top two enriched motifs in Figure 6A (top seven rows).
We found that the most enriched motifs correspond to the known
consensus DNA binding sequences. The first DNA binding motif
identified for CREB-only was ETS-CREB composite motif, also
described in [46]. The second DNA binding motif identified for
CREB was ACTACAnnTCCCA and represents a composite
ZFP143-RBPJ binding site [47]. For promoters bound by c-Jun
and C/EBPb we found AP1 (TGACTCA) and C/EBPb
(TTGCGCAA ) consensus sequences. For promoters bound by
combination of CREB and C/EBPb we found ACTA-
Figure 3. CREB binding is relatively low in the group of promoters bound by CREB, C/EBPb and cJun and induced by differentiation.
A. Transcription factor binding distributions in all promoters, promoters bound by CREB, C/EBPb and c-Jun, and promoters bound by all three of
these proteins that are also either induced or repressed upon differentiation. Columns show the mean value of the binding affinity for each of the
three transcription factors in these four groups of promoters, while error bars show the 15% and 85% percentiles. The binding affinity of CREB is
significantly lower in promoters bound by all three transcription factors and induced by differentiation. Number on top represents the p-value from
an unpaired t-test. B. Chip-PCR for promoter regions of SPRP1A and DNAse1L3 induced by differentiation. CREB binding is low in comparison with C/
EBPb and c-Jun. 39 GAPDH region was not enriched in these samples.
doi:10.1371/journal.pone.0078179.g003
Figure 4. Colocalization of C/EBPb and c-Jun with CREB is associated with high probability of RNAP binding in all promoters and
promoters induced by differentiation. A. Scatter plots of transcription factors and RNAP binding show that 95% of promoters bound by CREB,
82% of C/EBPb and 62% of c-Jun bound promoters are also bound by RNAP. Lines are RNAP binding thresholds. B. RNAP binding percentiles (15%,
50% and 85%) in promoters bound by different combinations of transcription factors in differentiated keratinocytes. C. RNAP binding percentiles
(15%, 50% and 85%) in promoters induced by differentiation and bound by different combinations of transcription factors. Numbers over the bars
represent t-test values. Dotted lines are RNAP binding thresholds.
doi:10.1371/journal.pone.0078179.g004
Combinatorial Recruitment of CREB C/EBPb cJun
PLOS ONE | www.plosone.org 5 November 2013 | Volume 8 | Issue 11 | e78179CAnnTCCCA and CCAAT box. For promoters bound by CREB
and c-Jun, CREB (TGACGTCA) and c-Jun (TGAC/G TCA)
binding motifs were found. For promoters bound by c-Jun and C/
EBPb we identified new sequence CCCACCATGCTTTGGTCA
containing half C/EBP (TTTG) and half c-Jun (GTCA) binding
site. And, for promoters bound by all three proteins we found c-
Jun and CREB binding sites.
CREB, c-Jun and C/EBPb can bind promoters via separate
binding sites; compete for the same DNA binding motifs or bind
DNA as heterodimers. In improve identification of motifs that can
recruit two transcription factors, we used as a background
promoters bound by one transcription factor (CREB or c-Jun or
C/EBPb, lines 8–13) and calculated motifs enriched in promoters
bound by combination of two transcription factors. This analysis
identified composite motif containing half C/EBP and half CRE
site and C/EBP consensus site for promoters bound by C/EBPb
and CREB relative to CREB. Inversely, when promoters bound
by C/EBPb were used as a background for the same test site we
identified CREB binding site and CTACANNTCCC sequence.
Likewise, the same calculation performed for the promoters bound
by c-Jun and C/EBPb identified TRE site relative to the C/EBPb
set. Interestingly second identified motif (GACAAGTTAGGTCA)
was the same when promoters bound by C/EBP or c-Jun were
used as a background. The same motif was identified for c-Jun and
C/EBPb bound promoters relatively to c-Jun. Motifs enriched in
CREB –c-Jun bound promoters relative to c-Jun or CREB
represent known binding motifs for corresponding transcription
factors. The same calculations performed for combination of three
transcription factors identified consensus motifs for c-Jun and
CREB and TCCCANNNCCTC for C/EBPb.
Consensus DNA Binding Motifs are Preferentially
Colocalize in Promoters bound by Combinations of
Corresponding Transcription Factors
Data in Figure 6A suggest that consensus and combination of
consensus motifs for transcription factors are enriched in the
groups of promoters bound by combination of corresponding
transcription factors. We asked if consensus motifs co-occur in the
same promoters. Consensus motifs for CREB (CRE)
TGACGTCA, C/EBPb TTGCGCAA and c-Jun (TRE)
TGA(C/G)TCA were used. We found that promoters containing
combinations of consensus DNA binding motifs are overrepre-
sented in the promoters bound by corresponding combinations of
transcription factors (Figure 6B).
This analysis suggests that combinatorial sited and combination
of consensus transcription factor binding sites lead to specific
Figure 5. C/EBPb preferentially binds to methylated promoters and methylated promoters bound by C/EBPb are preferentially
induced by differentiation. A. Euler diagrams of methylated and unmethylated promoters bound by different combination of transcription
factors show that CREB binding is depleted on methylated promoters while C/EBPb and c-Jun binding is overrepresented. B. Percent of promoters
with RNAP is induced or repressed by differentiation in promoters bound by different combinations of transcription factors in differentiated
keratinocytes for unmethylated (left) and methylated promoters (right). C. Percent of genes with mRNA is induced or repressed by differentiation in
promoters bound by different combinations of transcription factors in differentiated keratinocytes for unmethylated (left) and methylated promoters
(right). * - numbers are significantly different from expected, (p,0.05).
doi:10.1371/journal.pone.0078179.g005
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functionality of promoters.
Discussion
Our results suggest that during keratinocyte differentiation, the
activation of gene expression is regulated by promoter-specific
combinations of CREB, c-Jun and C/EBPb. Specifically, C/EBPb
binding is induced upon differentiation and promoters bound by
C/EBPb, either alone or in combination with c-Jun with no or low
CREB binding are preferentially induced by differentiation.
Colocalization of c-Jun and C/EBPb with CREB on the promoter
corresponds to a high probability of RNAP recruitment in
differentiated or proliferating keratinocytes. Moreover, relatively
large fraction of genes where CREB is bound to promoters alone
or in combination with C/EBPb has higher expression in
proliferating compared to differentiated keratinocytes.
Dominant negatives A-C/EBP and A-Fos inhibited expression
of genes whose promoters are not bound by CREB. The role of
C/EBPs and AP-1 in keratinocytes differentiation and prolifera-
tion is well established [2], [5–8], [22], [25]. Our data confirmed
our initial hypothesis that C/EBPb and c-Jun regulate keratino-
cyte differentiation when they do not colocalize with CREB. The
fact that promoters bound by combination of C/EBPb and c-Jun
are preferentially induced by differentiation is new and was not
expected. This data also suggest that CREB works as a dominant
transcription factor both in inducing gene expression and
preventing it from being affected by other transcription factors.
The existence of small group of promoters that are bound by
CREB but not RNAP suggests that some regulatory mechanisms
prevent them from being activated. CREB is known to bind the
same set of promoters in different cell types suggesting that it is
involved in housekeeepig cell functions [35]. It is also known to
mediate IL-1 induced Fos expression in keratinocytes [48],
stimulate transcription of gluconeogenic genes in liver [49],
involved in memory formation [50] as well as other cell type
specific functions. Concordantly, our data shows that promoters
bound by CREB, c-Jun and C/EBPb are preferentially induced
upon differentiation. Thus, it is the combinatorial recruitment of
transcription factors that determines whether a gene is going to be
repressed, activated or experience no change in response to
specific stimulus.
Our data identified only part of combinatorial logic which
regulates genes expression during keratinocytes differentiation.
Existence of promoters bound by the same combination of
transcription factors and either induced or repressed by differen-
tiation suggest that other factors (besides CREB identified in this
study) bound to promoters together with C/EBPb and c-Jun will
determine if specific gene is ultimately induced, repressed or do
not change upon differentiation. Many other transcription factor
are involved in keratinocytes differentiation [1], [2], [3], [4] and, it
would be interesting to identify whether they are functioning on
the same promoters cooperatively activated by C/EBPb and c-
Jun.
Notably, analysis of combinatorial recruitment of CREB, c Jun
and C/EBPa generated similar results (Figure S8 and Table S1).
Presence of specific DNA sequences in the promoter determines
recruitment of corresponding transcription factors for regulation of
gene expression. CREB, c-Jun and C/EBPb can compete for the
same binding sites or bind simultaneously at different sequences. c-
Jun, C/EBPb and CREB bind to TGACTCA, TTGCGCAA and
TGACGTCA consensus sequences respectively. CREB and c-Jun
can bind the same TGACGTCA [13], [35], [51] sequence and C/
EBPa - c-Jun heterodimer binds TTGCGTCAT sequence [30],
whose core element, CGTCA, also can be bound by CREB
[28,29,35]. DNA methylation can regulate differential binding of
transcription factors. For example, methylation of CRE inhibits
binding of CREB but promotes binding of C/EBPb and C/EBPa
and does not influence c-Jun binding [45]. Data presented in this
paper suggest that combinatorial recruitment of transcription
factors induces activation of genes during differentiation in a
different manner for methylated compared to unmethylated
promoters. CREB binding to methylated promoters bound by
C/EBPb was low and these promoters were more often induced
by differentiation than unmethylated promoters bound by C/
EBPb and CREB.
To understand how sequences of promoters determine prefer-
ential recruitment of CREB, c-Jun and C/EBPb in different
combinations, we identified DNA motifs overrepresented in
Figure 6. Combinations of consensus motifs and composite
motifs are enriched in the groups of promoters bound by
different combinations of transcription factors. A. Top DNA
motifs mostly enriched in test sets v.s. background sets of promoters in
the 2500 bp…0 bp relative to the transcription start site. Motifs are
sorted by enrichment and statistical confidence level using CisFinder.
For CREB, c-Jun C/EBPb set cJun and C/EBPb bound promoters were
used as a background. B. Enrichment of promoters containing only two
or three transcription factors consensus binding motifs in groups of
promoters bound by different combination of transcription factors in
undifferentiated keratinocytes. Consensus motifs for CREB (CRE) -
TGACGTCA, C/EBPb - (C/EBP) TTGCGCAA and for c-Jun (AP-1) TGA(C/
G)TCA. Note that promoters containing combination of motifs are
overrepresented in the groups of promoters bound by corresponding
transcription factor. * - numbers are different from expected (p,0.05).
doi:10.1371/journal.pone.0078179.g006
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factors relative to all promoters or relative to promoters bound by
one or two transcription factors. As expected, we found that
consensus binding sites are overrepresented in promoters bound
by single transcription factor or in groups where corresponding
transcription factors co-localize with other transcription factors. As
expected, when promoters bound by a particular transcription
factor were used as a background, subsets of promoters bound
both by this and another transcription factor where enriched in the
other transcription factor’s consensus sequence. The composite
motif between CREB and C/EBPb binding motif identified in our
analysis was similar to the one reported in [28,29]. Several studies
suggest that CREB and C/EBPb do not interact but compete for
the same sequence [28], [26]. Interestingly, novel long motif
CCCACCATGCTTTTGGTCA is identified in promoters bound
by C/EBPb and c-Jun. Similar composite C/EBPb - c-Jun motif
GACAAGTT(T/A)GGTCA is enriched in promoters bound by
C/EBPb and c-Jun relatively either to c-Jun or C/EBPb bound
promoters. This suggests that it is the C/EBPb/c-Jun protein
complex that binds to this motif, similar to what is described in
papers [30,31].
This paper uncovered combinatorial rules of transcription
factor recruitment that determine activation of gene expression
upon differentiation.
Methods
Ethics Statement
All mouse experiments were approved by the Animal Ethics
Committee at the National Institutes of Health, under the
approved protocol number LM-076. Newborn mice were handled
and humanely sacrificed by carboxyl dioxide followed by
secondary physical method in accordance with the National
Institutes of Health Institutional Guidelines (NCI, NIH, Bethesda,
MD, USA).
Primary Keratinocytes Cultures
Keratinocytes were cultured as describe in [52] from new-born
wild type FVB mice or from mice expressing A-C/EBP or A-Fos
dominant negatives of C/EBP’s or AP-1 in keratinocytes under the
control of tetracycline inducible repressor [10], [17]. Primary
keratinocytes were seeded at a density of one mouse epidermis per
10 cm dish or equivalent in calcium and magnesium free S-MEM
(GIBCO Laboratories, Grand Island, N.Y), supplemented with
8% Chelex (Bio-Rad, Richmond, CA) treated FBS (Atlanta
Biologicals, Inc) and 0.2 mM calcium (CaCl2). After 24 hours,
cultures were washed twice with PBS and switched to medium
with 0.05 mM calcium (low calcium). At the same time doxycyclin
added to the media of A-C/EBP or A-Fos cultures was removed to
induce expression of A-C/EBP or A-Fos. 24 hours later, cultures
were switched to the same medium with 0.4 mM calcium (Hi
calcium) for two days to induce differentiation or maintained in
parallel as undifferentiated keratinocytes in the low calcium
medium. For demethylation experiments, 5-azacytidine (5-aza)
was added 6 hr after seeding to the culture medium to a final
concentration of 1 mM. Cell culture medium was replaced every
day.
Chromatin Immunoprecipitation (ChIP)
ChIP experiments were performed following the protocol from
Farnham’s group (http://farnham.genomecenter.ucdavis.edu/
protocol.html). Primary cultured cells were chemically cross-linked
by adding 0.6% formaldehyde (Sigma) directly to the medium.
Cells were allowed to cross-link for 10 minutes with gentle swirling
at room temperature. The cross-linking reaction was stopped by
adding 125 mM glycine and dishes were swirled for 5 minutes at
room temperature. Cells were washed twice with ice-cold PBS and
harvested in ice-cold PBS containing protease (Complete mini,
Roche) and phosphatase inhibitors (1 mM NaF, 1 mM Na3VO4).
Cells were pelleted by centrifugation at 4uC for 5 minutes at 300 g.
Cells where incubates in cell lysis buffer (5 mM PIPES pH 8.0
85 mM KCL 0.5% NP40 1 mM NF 1 mM NaVa Roche protease
inhibitors cocktail) and resuspended in nuclear lysis buffer (50 mM
Tris-Cl pH 8.1 10 mM EDTA, 1% SDS proteases and phosphates
inhibitors as above) and sonicated to average size of 500 bp. After
centrifugation supernatant was diluted 3 times by dilution buffer
(0.01% SDS, 1.1% Trition6100, 1.2 mM EDTA, 16.7 mM Tris-
Cl pH 8.1, 167 mM NaCl). 300 l of sonicated chromatin
preparation with protein concentration 1–2 mg/ml (determined
using BCA, PIERCE) was incubated overnight with antibodies.
ChIP was performed using antibodies against RNA pol II (RNAP)
(20 mg/ml final, Covance, 8WG16) that recognizes the unpho-
sphorylated form of RNAP, CREB (2 mg/ml of the each antibody
from Santa Cruz (sc-186) and Upstate (06–863)), H3K9 acetyl
from Upstate 06–942, c-Jun from Santa Cruz (10 ug/ml, sc-1694)
and C/EBPb from Santa Cruz (10 mg/ml, sc-150). A fraction of
lysate was left untreated to serve as an input control. Immuno-
complexes were captured using protein G agarose beads
(Invitrogen) blocked with 1 g/l yeast tRNA and BSA (Sigma)
and washed twice with the buffer containing 2 mM EDTA,
100 mM Tris-Cl pH 8.0 and 0.18% Sarkosyl, and four times with
the Chip wash buffer (100 mM Tris-Cl pH 8.5, 500 mM LiCl, 1%
NP40, 1% deoxycholic acid) and two times with TE. After
incubating with RNAse A and Proteinase K, DNA was eluted
using QIAquick PCR Purification Kit. From 1–2610
6 primary
keratinocytes for RNAP, CREB, and C/EBPb, 0.5–2 ng of DNA
were typically immunoprecipitated. DNA quantification was
performed using Picogreen DNA quantification kit (Invitrogen,
USA). PCR was performed using RedMix Tag polymerase
(Sigma).
ChIP DNA Amplification and Hybridization
Primers conjugated with Cy3 or Cy5 (Sigma Genosys, USA)
were used for the amplification of the input or immunoprecipi-
tated DNA using round A/B/C random amplification protocol:
http://research.stowers-institute.org/gertonlab/protocols/
RandomPCRamplification.pdf. Only one round of amplification
was used. After amplification 5–6 mg of ChIP or control DNA was
purified using PCR Purification Kit (Qiagen), isopropanol
precipitated, and vacuum dried for 5 minutes. DNA was dissolved
in 3 ml water, mixed with Component A and Hybridization buffer
(Nimblegen) according to manufacturer’s instructions. Amplified
ChIP DNA was hybridized overnight to Nimblegen MM5 min
Mouse promoter microarrays containing 400,000 oligos interro-
gating 26,264 promoters in MAUI hybridization station (BioMicro
Systems) and washed according to manufacturer instruction.
Arrays were dried by centrifugation and scanned using Axon
4000 B scanner. Images were processed with NimbleScan
(Nimblegen) using default settings.
Calculation of Transcription Factors DNA Binding
Nimblegen MM5 min promoter arrays contain probes for
26,264 promoter regions spanning approximately
21000 bp…+500 bp relative to the transcription start site. We
limited our data analysis to 20,328 promoters. We excluded
promoters that are located on the X or Y chromosomes, 3,940
promoters were further eliminated that either had unsequenced
DNA segments larger than 150 bp or which contained large
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regions in 10 or more of other promoters. Binding of given
transcription factor was defined as an average enrichment of ChIP
DNA over input DNA for the whole 21000…+500 promoter
region. Binding from individual replicates were averaged.
Promoters were defined as bound by several transcription factors
if binding of these factors were higher than specific thresholds.
Values of thresholds for calculation of transcription factor DNA
binding in Ln2: CREB - 0.4, C/EBPb-0.4, C/EBPa-0.36 c-Jun-
0.36, RNAP-0.4. RNAP induction or repression upon differenti-
ation: RNAP Diff.0.4 and RNAP Diff- RNAP Undiff.0.3.
H3K9 acetylation induction or repression upon differentiation:
H3K9Ac Diff.0.4 and H3K9Ac Diff- H3K9Ac Undiff.0.36.
Analysis of DNA Methylation
MeDIP experiments were described in Rishi [45].
Affymetrix Gene Expression Profiling
mRNA expression profiling with Affymetrix microarrays
(Mouse genome 430 2.0 array) was performed by NCI microarray
core facility (Frederick). We compared the mRNA expression
levels of genes determined using mRNA expression arrays to the
binding of proteins to the promoters regions of those genes,
determined by ChIP-chip data collected using Nimblegen
promoter chips. Using GenBank Accessions, Gene Symbols,
UniGene Clusters and UniGene IDs the mRNA expression data
was mapped to the same promoter set as the ChIP-chip data.
Genes in the expression data which shared a common identifier
with promoters in the ChIP-chip data were assigned to their
matching promoters in the ChIP-chip set. When multiple data
points from the mRNA expression data were all mapped to the
same promoter in the ChIP-chip data, the average of these points
was assigned to that promoter. 17,930 of the 20,328 promoters
used in our ChIP-chip analysis were successfully assigned mRNA
expression values. Threshold for mRNA changes upon differen-
tiation – more than 1.4 or 0.5 in Ln2 scale.
DNA Motif Analysis
DNA Motif analysis was performed using CisFinder http://
lgsun.grc.nia.nih.gov/CisFinder/ [53]. For calculation of motifs
colocalization, number of motifs colocalizing in groups of
promoters bound by different combinations of CREB, C/EBPb
and c-Jun was normalized to number of colocalizing motifs in all
promoters.
Statistical Analysis
Excel ‘‘Chitest’’ function was used to calculate significance of
observed values from expected ones based on the total number of
events. Excel two tailed ‘‘Ttest’’ function was used to determine
whether two samples are likely to have come from the same two
underlying populations that have the same mean.
GEO Accession Number
GSE48383.
Supporting Information
Figure S1 Promoters induced by differentiation are
overrepresented in the group of C/EBPb bound and
promoters with increase of C/EBPb binding upon
differentiation. A. Scatterplotts of transcription factors and
RNAP before and after differentiation show that binding do not
change for majority of promoters with the highest scatter for
RNAP and overall increase of C/EBPb binding. B. Scatterplotts
of changes in RNAP v.s. transcription factors upon differentiation
show that promoters induced by differentiation are overrepresent-
ed in group of promoters with induced C/EBPb binding. C.
Scatterplotts of changes in RNAP upon differentiation v.s. binding
of transcription factors in differentiated keratinocytes show that
promoters induced by differentiation are overrepresented in group
of promoters bound by C/EBPb. D. Efficiency of c-Jun
immunoprecipitation was about 100%: 5% of input cell lyzat
and 20% of c-Jun Chip material was resolved by SDS-PAGE
transferred to membrane and probed with c-Jun antibody.
(TIF)
Figure S2 Colocalization of c-Jun and C/EBPb with
CREB determine levels of mRNA induction upon
differentiation. A. Inductionof RNAP binding (15%, 50%,
85% percentiles) in differentiated compared to undifferentiated
keratinocytes for promoters where RNAP is induced by differen-
tiation and bound by different combination of transcription
factors. B. Increase of mRNA levels (15%, 50%, 85% percentiles)
in differentiated compared to undifferentiated keratinocytes for
genes whose mRNA is induced by differentiation and promoters
are bound by different combination of transcription factors.
Numbers represent t-test values. Dotted lines represent thresholds
for induction.
(TIF)
Figure S3 H3K9 acetylation is preferentially induced by
differentiation when promoters are bound by combina-
tion of C/EBPb and c-Jun. A. Scatterplot of RNAP binding
versus H3K9 acetylation in differentiated keratinocytes. B.
Changes of RNAP binding upon differentiation correlates with
changes in H3K9 acetylation. C. Fraction of promoters bound by
different combinations of transcription factors in differentiated
keratinocytes where H3K9 acetylation is reduced (white bars) or
induced upon differentiation (black bars). * - numbers are different
from expected (p,0.05). D. Induction of H3K9 acetylation (15%,
50%, 85% percentiles) for promoters where H3K9 acetylation is
induced and bound by different combinations of transcription
factors in differentiated keratinocytes. Numbers represent t-test
values. Dotted line represents threshold for induction.
(TIF)
Figure S4 Examples of binding patterns of RNAP,
CREB, C/EBPb and c-Jun across promoter regions of
selected promoters that are induced or not induced by
differentiation. Claudin4 promoter induced by differentiation,
not bound by CREB and bound by C/EBPb and c-Jun, Small
proline rich protein 1A promoter induced by differentiation, not
bound by CREB (CREB average binding 0.36, just under
threshold 0.4) and bound by C/EBPb and c-Jun, DNAse1-like3
induced by differentiation and bound by C/EBPb, c-Jun with low
CREB binding, Rsp19 - ribosomal protein 19 promoter not
induced by differentiation, bound by C/EBPb and c-Jun with
strong CREB binding. Arrows on top are directions of
transcription started from transcriptional start site.
(TIF)
Figure S5 Colocalization of C/EBPb and c-Jun with
CREB is associated with high probability of RNAP
binding in undifferentiated keratinocytes. RNAP binding
percentiles (15%, 50% and 85%) for promoters bound by different
combinations of transcription factors in undifferentiated keratino-
cytes.
(TIF)
Figure S6 CREB binding is relatively low when promot-
ers are methylated while C/EBPb biding to methylated
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by different combination of transcription factors are shown.
(TIF)
Figure S7 Genes with promoters bound by C/EBPb and
c-Jun are preferentially repressed by 5-azacytozine.
Percent of genes which mRNA is repressed (white bars) or
induced (black bars) by DNA demethylation agent 5-azacytidine in
groups of promoters bound by different combinations of
transcription factors in differentiated keratinocytes. * - significant
difference p,0.05.
(TIF)
Figure S8 Combinatorial recruitment of CREB, C/
EBPa and c-Jun determines activation of promoters in
keratinocyte differentiation. A. Scatterplot of C/EBPa
binding v.s. C/EBPb binding show that C/EBOa was detected
on a subset of promoters bound by C/EBPb. B. RNAP binding
percentiles (15%, 50% and 85%) in promoters bound by different
combinations of CREB, C/EBPa and c-Jun. C. Fraction of
promoters bound by different combination of transcription factors
in differentiated keratinocytes where RNAP binding is repressed
(white bars) or induced by differentiation (black bars). D. Fraction
of genes with mRNA levels induced or repressed by differentiation
more than 1.4 times in groups of promoters bound by different
combinations of transcription factors. * - values are different from
expected (p,0.05). E. Fraction of genes repressed by A-C/EBP
differentiated keratinocytes in groups of promoters bound by
different combinations of transcription factors. F. Fraction of
genes repressed by A-Fos in differentiated keratinocytes in groups
of promoters bound by different combinations of transcription
factors * - numbers are different from expected (p,0.001).
(TIF)
Table S1 Numbers and fractions of promoters bound
by different combinations of transcription factors and
induced or repressed by differentiation. Reference groups
used to calculate fractions in different groups are also presented.
Above row 64 is the data for C/EBPb, CREB and c-Jun and
below row 67 is the data for C/EBPa, CREB and c-Jun.
(XLS)
Author Contributions
Conceived and designed the experiments: JMR CV. Performed the
experiments: JMR PB RC. Analyzed the data: JMR RC KG. Wrote the
paper: JMR RC KG CV.
References
1. Nakamura Y, Kawachi Y, Xu X, Sakurai H, Ishii Y, et al. (2007) The
combination of ubiquitous transcription factors AP-1 and Sp1 directs
keratinocyte-specific and differentiation-specific gene expression in vitro.
Experimental dermatology 16: 143–150.
2. Jang SI, Steinert PM (2002) Loricrin expression in cultured human keratinocytes
is controlled by a complex interplay between transcription factors of the Sp1,
CREB, AP1, and AP2 families. The Journal of biological chemistry 277: 42268–
42279.
3. Tran NQ, Crowe DL (2004) Regulation of the human involucrin gene promoter
by co-activator proteins. The Biochemical journal 381: 267–273.
4. Eckert RL, Welter JF (1996) Transcription factor regulation of epidermal
keratinocyte gene expression. Mol Biol Rep 23: 59–70.
5. House JS, Zhu S, Ranjan R, Linder K, Smart RC (2010) C/EBPalpha and C/
EBPbeta are required for Sebocyte differentiation and stratified squamous
differentiation in adult mouse skin. PLoS One 5: e9837.
6. Lopez RG, Garcia-Silva S, Moore SJ, Bereshchenko O, Martinez-Cruz AB, et
al. (2009) C/EBPalpha and beta couple interfollicular keratinocyte proliferation
arrest to commitment and terminal differentiation. Nature cell biology 11: 1181–
1190.
7. Crish JF, Gopalakrishnan R, Bone F, Gilliam AC, Eckert RL (2006) The distal
and proximal regulatory regions of the involucrin gene promoter have distinct
functions and are required for in vivo involucrin expression. J Invest Dermatol
126: 305–314.
8. Sterneck E, Zhu S, Ramirez A, Jorcano JL, Smart RC (2006) Conditional
ablation of C/EBP beta demonstrates its keratinocyte-specific requirement for
cell survival and mouse skin tumorigenesis. Oncogene 25: 1272–1276.
9. Zhu S, Yoon K, Sterneck E, Johnson PF, Smart RC (2002) CCAAT/enhancer
binding protein-beta is a mediator of keratinocyte survival and skin
tumorigenesis involving oncogenic Ras signaling. Proc Natl Acad Sci U S A
99: 207–212.
10. Oh WJ, Rishi V, Orosz A, Gerdes MJ, Vinson C (2007) Inhibition of CCAAT/
enhancer binding protein family DNA binding in mouse epidermis prevents and
regresses papillomas. Cancer Res 67: 1867–1876.
11. Jin JY, Ke H, Hall RP, Zhang JY (2011) c-Jun promotes whereas JunB inhibits
epidermal neoplasia. J Invest Dermatol 131: 1149–1158.
12. Yuspa SH (1998) The pathogenesis of squamous cell cancer: lessons learned
from studies of skin carcinogenesis. J Dermatol Sci 17: 1–7.
13. Eferl R, Wagner EF (2003) AP-1: a double-edged sword in tumorigenesis. Nat
Rev Cancer 3: 859–868.
14. Saez E, Rutberg SE, Mueller E, Oppenheim H, Smoluk J, et al. (1995) c-fos is
required for malignant progression of skin tumors. Cell 82: 721–732.
15. Vikhanskaya F, Toh WH, Dulloo I, Wu Q, Boominathan L, et al. (2007) p73
supports cellular growth through c-Jun -dependent AP-1 transactivation. Nat
Cell Biol 9: 698–705.
16. Cooper SJ, MacGowan J, Ranger-Moore J, Young MR, Colburn NH, et al.
(2003) Expression of dominant negative c-Jun inhibits ultraviolet B-induced
squamous cell carcinoma number and size in an SKH-1 hairless mouse model.
Mol Cancer Res 1: 848–854.
17. Gerdes MJ, Myakishev M, Frost NA, Rishi V, Moitra J, et al. (2006) Activator
protein-1 activity regulates epithelial tumor cell identity. Cancer Res 66: 7578–
7588.
18. Ewing SJ, Zhu S, Zhu F, House JS, Smart RC (2008) C/EBPbeta represses p53
to promote cell survival downstream of DNA damage independent of oncogenic
Ras and p19(Arf). Cell Death Differ 15: 1734–1744.
19. Yoon K, Smart RC (2004) C/EBPalpha is a DNA damage-inducible p53-
regulated mediator of the G1 checkpoint in keratinocytes. Mol Cell Biol 24:
10650–10660.
20. Loomis KD, Zhu S, Yoon K, Johnson PF, Smart RC (2007) Genetic ablation of
CCAAT/enhancer binding protein alpha in epidermis reveals its role in
suppression of epithelial tumorigenesis. Cancer Res 67: 6768–6776.
21. Zhu S, Oh HS, Shim M, Sterneck E, Johnson PF, et al. (1999) C/EBPbeta
modulates the early events of keratinocyte differentiation involving growth arrest
and keratin 1 and keratin 10 expression. Mol Cell Biol 19: 7181–7190.
22. Smith C, Zhu K, Merritt A, Picton R, Youngs D, et al. (2004) Regulation of
desmocollin gene expression in the epidermis: CCAAT/enhancer-binding
proteins modulate early and late events in keratinocyte differentiation.
Biochem J 380: 757–765.
23. Ansari KM, Rundhaug JE, Fischer SM (2008) Multiple signaling pathways are
responsible for prostaglandin E2-induced murine keratinocyte proliferation. Mol
Cancer Res 6: 1003–1016.
24. Zenz R, Scheuch H, Martin P, Frank C, Eferl R, et al. (2003) c-Jun regulates
eyelid closure and skin tumor development through EGFR signaling. Dev Cell 4:
879–889.
25. Maytin EV, Habener JF (1998) Transcription factors C/EBP alpha, C/EBP
beta, and CHOP (Gadd153) expressed during the differentiation program of
keratinocytes in vitro and in vivo. J Invest Dermatol 110: 238–246.
26. Vinson C, Myakishev M, Acharya A, Mir AA, Moll JR, et al. (2002)
Classification of human B-ZIP proteins based on dimerization properties. Mol
Cell Biol 22: 6321–6335.
27. Chinenov Y, Kerppola TK (2001) Close encounters of many kinds: Fos-Jun
interactions that mediate transcription regulatory specificity. Oncogene 20:
2438–2452.
28. Flammer JR, Popova KN, Pflum MK (2006) Cyclic AMP response element-
binding protein (CREB) and CAAT/enhancer-binding protein beta (C/
EBPbeta) bind chimeric DNA sites with high affinity. Biochemistry 45: 9615–
9623.
29. Tsukada J, Saito K, Waterman WR, Webb AC, Auron PE (1994) Transcription
factors NF-IL6 and CREB recognize a common essential site in the human
prointerleukin 1 beta gene. Mol Cell Biol 14: 7285–7297.
30. Cai DH, Wang D, Keefer J, Yeamans C, Hensley K, et al. (2008) C/EBP
alpha:AP-1 leucine zipper heterodimers bind novel DNA elements, activate the
PU.1 promoter and direct monocyte lineage commitment more potently than
C/EBP alpha homodimers or AP-1. Oncogene 27: 2772–2779.
31. Hsu W, Kerppola TK, Chen PL, Curran T, Chen-Kiang S (1994) Fos and Jun
repress transcription activation by NF-IL6 through association at the basic
zipper region. Mol Cell Biol 14: 268–276.
32. Kovacs KA, Steinmann M, Magistretti PJ, Halfon O, Cardinaux JR (2003)
CCAAT/enhancer-binding protein family members recruit the coactivator
CREB-binding protein and trigger its phosphorylation. J Biol Chem 278:
36959–36965.
Combinatorial Recruitment of CREB C/EBPb cJun
PLOS ONE | www.plosone.org 10 November 2013 | Volume 8 | Issue 11 | e7817933. Rozenberg J, Rishi V, Orosz A, Moitra J, Glick A, et al. (2009) Inhibition of
CREB function in mouse epidermis reduces papilloma formation. Mol Cancer
Res 7: 654–664.
34. Rutberg SE, Adams TL, Olive M, Alexander N, Vinson C, et al. (1999) CRE
DNA binding proteins bind to the AP-1 target sequence and suppress AP-1
transcriptional activity in mouse keratinocytes. Oncogene 18: 1569–1579.
35. Zhang X, Odom DT, Koo SH, Conkright MD, Canettieri G, et al. (2005)
Genome-wide analysis of cAMP-response element binding protein occupancy,
phosphorylation, and target gene activation in human tissues. Proc Natl Acad
Sci U S A 102: 4459–4464.
36. Biddie SC, John S, Sabo PJ, Thurman RE, Johnson TA, et al. (2011)
Transcription factor AP1 potentiates chromatin accessibility and glucocorticoid
receptor binding. Mol Cell 43: 145–155.
37. Grontved L, John S, Baek S, Liu Y, Buckley JR, et al. (2013) C/EBP maintains
chromatin accessibility in liver and facilitates glucocorticoid receptor recruitment
to steroid response elements. EMBO J 32: 1568–1583.
38. Thiel G, Al Sarraj J, Vinson C, Stefano L, Bach K (2005) Role of basic region
leucine zipper transcription factors cyclic AMP response element binding protein
(CREB), CREB2, activating transcription factor 2 and CAAT/enhancer binding
protein alpha in cyclic AMP response element-mediated transcription.
J Neurochem 92: 321–336.
39. Ouyang Z, Zhou Q, Wong WH (2009) ChIP-Seq of transcription factors
predicts absolute and differential gene expression in embryonic stem cells. Proc
Natl Acad Sci U S A 106: 21521–21526.
40. Margolin AA, Palomero T, Sumazin P, Califano A, Ferrando AA, et al. (2009)
ChIP-on-chip significance analysis reveals large-scale binding and regulation by
human transcription factor oncogenes. Proc Natl Acad Sci U S A 106: 244–249.
41. Farnham PJ (2009) Insights from genomic profiling of transcription factors. Nat
Rev Genet 10: 605–616.
42. Lee BK, Bhinge AA, Battenhouse A, McDaniell RM, Liu Z, et al. (2012) Cell-
type specific and combinatorial usage of diverse transcription factors revealed by
genome-wide binding studies in multiple human cells. Genome Res 22: 9–24.
43. Cui TX, Kwok R, Schwartz J (2008) Cooperative regulation of endogenous
cAMP-response element binding protein and CCAAT/enhancer-binding
protein beta in GH-stimulated c-fos expression. J Endocrinol 196: 89–100.
44. Manna PR, Dyson MT, Stocco DM (2009) Role of basic leucine zipper proteins
in transcriptional regulation of the steroidogenic acute regulatory protein gene.
Mol Cell Endocrinol 302: 1–11.
45. Rishi V, Bhattacharya P, Chatterjee R, Rozenberg J, Zhao J, et al. (2010) CpG
methylation of half-CRE sequences creates C/EBPalpha binding sites that
activate some tissue-specific genes. Proc Natl Acad Sci U S A 107: 20311–20316.
46. Chatterjee R, Zhao J, He X, Shlyakhtenko A, Mann I, et al. (2012) Overlapping
ETS and CRE Motifs ((G/C)CGGAAGTGACGTCA) preferentially bound by
GABPalpha and CREB proteins. G3 (Bethesda) 2: 1243–1256.
47. Wang H, Zou J, Zhao B, Johannsen E, Ashworth T, et al. (2011) Genome-wide
analysis reveals conserved and divergent features of Notch1/RBPJ binding in
human and murine T-lymphoblastic leukemia cells. Proc Natl Acad Sci U S A
108: 14908–14913.
48. Schiller M, Bohm M, Dennler S, Ehrchen JM, Mauviel A (2006) Mitogen- and
stress-activated protein kinase 1 is critical for interleukin-1-induced, CREB-
mediated, c-fos gene expression in keratinocytes. Oncogene 25: 4449–4457.
49. Koo SH, Flechner L, Qi L, Zhang X, Screaton RA, et al. (2005) The CREB
coactivator TORC2 is a key regulator of fasting glucose metabolism. Nature
437: 1109–1111.
50. Suzuki A, Fukushima H, Mukawa T, Toyoda H, Wu LJ, et al. (2011)
Upregulation of CREB-mediated transcription enhances both short- and long-
term memory. J Neurosci 31: 8786–8802.
51. Mayr B, Montminy M (2001) Transcriptional regulation by the phosphoryla-
tion-dependent factor CREB. Nat Rev Mol Cell Biol 2: 599–609.
52. Lichti U, Anders J, Yuspa SH (2008) Isolation and short-term culture of primary
keratinocytes, hair follicle populations and dermal cells from newborn mice and
keratinocytes from adult mice for in vitro analysis and for grafting to
immunodeficient mice. Nat Protoc 3: 799–810.
53. Sharov AA, Ko MS (2009) Exhaustive search for over-represented DNA
sequence motifs with CisFinder. DNA Res 16: 261–273.
Combinatorial Recruitment of CREB C/EBPb cJun
PLOS ONE | www.plosone.org 11 November 2013 | Volume 8 | Issue 11 | e78179